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THERMAL CONDITIONS IN THE COCKITS OF USAF AIRCRAFT:
-4 INFLIGHT MEASUREMENTS FROM THE
ýA A-7, A-0, F-4, F-15, AND YC-14

INTRODUCTION,

During the summer of 1977, test teams from the USAF-School of Aerospace
Medicine (USAPSAM) visited Edwards AFB-, California, and Beeville Naval Air
Station, Texas, to record the thermal environment in aircraft cockpits
during routine and test operations in hot weather. The teams measured
inflight temperatures at several cockpit sites,.including the Environmental
Control System (ECS) cabin inlet ducts. This report describes the measure-
ments made on A-7D, A- 7, F-4, F"15, And Yd-14 aircraft.

METHODS

-LocationIof Investigations

Except for one F-15, all air)raft-operated from-Edwards APE, California,a
located at approximately 350N, 1180W, in the Mojave Desert. The aircbasepis
about 701 m (2,300 ft) above sea level and is located on the dried Rogers
Lake bed.

Measurements were also obtained from an advanced ECS (AECS) mounted
aboard an F-15 test aircraft operated from Beeville NAS, Texas. The air
station, located at approximately 283N, 981W, is 58-n (190 ft) above sea
level and iS-in a semitropical environment.

The USAF teams conducted tests at Edwards AFB- from 13 July to 11 August
and 13 to 27 September 1977. The team, visited Beeville NAS during- 25 to

. 31 August 1977.

Aircraft Operations
S" 2The aircraft from which the data were collected' flew routine operations

as well as test missions. Flight profiles included both high- and- low-level
--operations. Sorties included reconnaissance, air-to-air Combat maneuvers,.and training missions.

Measurements

Cockpit Temperatures--Dry-bulb temperature (TdI), 5-cm black-globe -temper-
aturem(Tb)J, dew-point temperature (T ), and air vOlocity. (V) were measured at
a sensor #luster mounted in--the cockpý? near the pilot. Four additional dry-

-Ibulb temperatures were collected in different areas of the-cockpit or ECS.
-- i - Sensor locations are given in Table 1. Cabin barometric .pressure was also

i recorded.

5
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TABLE, 1. LOCATION -OF COCKPIT-TDHRTUnW_,SENSORS,

A-7D

*SC) Right side ejection-rail, 30 cm from pilot's head
1) Canopy bow, about 60 cm in front ~of: pilot's forehead
2) Inside glare shield,, near front' instrument panel

- ) 3 cm-,from right- thigh
*-4) 15 cm' f rom,- right, c-alf :(under. well)

A-40

*SC) Right,:sidi--of canopy swing arm, 30 cm from pilot's head
1) Canop -bow, about 60-cm in. front, of pilot's forehead,

* -- 2) Undet glare shield,,near climb indicator
3)ý Right rudder well, -near knee
4)Right ECS inlet duct

F-15 (AEi;S)- and F-15

SC)Rigt camera -mounts near right shoulder
-l-)ý Caopy bow or ECS-

2)Glare, shield-
3) 237cm from right elbow
4) 15 cm f ,rom right calf (rudder well)

YF-4E( (Rer. seat)

-SC). Right canopy rail
1) Instrument panel, at- eye level 30 cm from head
2). 15>-cm- from, rigkhteliiow
3) 10:-cm-from right calf (rudder well)-
4> igh't-knee ECS duct

Y6414 (Left seat)-

'9' 10 LO: above floor, nerlftwn bulkhead

3'Right calf, 30- m-above fl1oor-
4) ECS duct

-Sensor, cluster..
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!!]• •Airfield Climatic .Conditions--Drty-bulb and'deif-polnt temperatures,

relative-humidity, barometric pressure, cloud cover, and wind direction/

speed were obtained from the base weather station at takeoff and. landing.

l • ,! Aitcrew Input--SubJective comments were gathered postflight, and air-

:iicrews--e-corded times~of-significant Inflight- event's.

',!l i ataCo~llection -and'ýRecording

,Measurements,of the cockpit environment were 'recorded Automatically every
S• 5 ~~seconds~duringec soSl -yteUA Miniature Environmental Monitor IIS(MEk II). A description"of;the instrumentation is given in Appendix A. Figures

] of -the equipment are available elsewhere (3). Data were stored on cassette
tapes for later-analysis at the USAFSAM's Wang 2200-S microcomputer facilities.
*Airfield climatic conditios were hand-recorded immediately before And after
the tests.

E-RESULTS

The A measuteentsimade for each Srtie are presented graphically in
Appendix Bed Aes o suiniryfrecedeseach of the fanures for each aircraft.
Data-wregatheredDeverya5 seconds, but for clarntydwereaveraged every

minute; these results were~plotted. This smoothing reduced some peak air-velocaty and cockpit barometrc-pressure data, but hadalutle effect upon
the5relatively slowdg changinge temerature data.

Each-figUr i includes:

1. Significant events, such as canopy down time, takeoff time, and

flight altitudes.

2. Ter anda li at the sensor cluster2-S

3. -Td at four additional sites, aS;given 'in Table 1.

4,: Air velocity and barometric-pressure.

r5.. c roundi.climatic conditions.

th Aircraft type and thetdate data weees,co.lected.

All data are plotted against idcaI tine, in h~urs., Edwards AFB w~s 7 hours
different fromGreenwich Meanef imee , and Beeville was 5 hours.

Dew-point teA. peretureshave bren odittees eromathe figures beachuse of

techniical.probliii. Theteensor-(Paname'r'ics) proved to-beeixtremely~sensitiveto- duswr ,-aircrafet evoil, and exhaust f ormes andrrequired' nsianvte g leading and

cli~brationi; Since~on-site-calibraft'!io•'rdved difficult, the dow-point data
min.u th cases were suspeett.

t The followingsectio-ns review the atadata for each
airgraftmanitoued.
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A-7D (Figs. B-i to B-4)

Ground climatic conditions were average for this time of year (normal
daily maximum (NDM) r 330C). The ECS was on auto maximum cold for all flights.
The Tdb at all locations was independent of ambient air temperatures during
the sorties, possibly due to the short time at low level (<1000 m). All air
temgeratures were well within the military specifications for cockpit cooling
(21 C) at high altitude. There are some indications (Fig. B-3) that when !he
aircraft remained at lower levels after takeoff, T remained above 21 C,
particularly near the calf and thigh. The Tb, averaged 7°C above T during
most of the flight. The aircrew's subjective gmpression of the ECSperformance

during these flights ranged from "no problem" or "good cooling" to "warm at
idle power.''

Ground limaticA-10 (Figs. B-5 to B-8)

Gconditions were above normal for this time of year
(NDM - 35 0 C). The ECS was set on auto maximum cold for all flights, and
the auxiliary power unit (APU) was not used during ground operations. The
aircraft, #669, was the same as used, in the 1976 climatic tests at El Centro
HAS, California, and Homestead AFB, Florida (2). The ECS had been modified'
several times, including changes in duct size and routing. For these reasons,
the data do not exactly represent operational aircraft.

SIn all flights, the T at the sensor cluster and; throughout the cock-
pit failed to meet the mill-ary specifications (21 C) for ECS performance.
Temperatures near the right calf averaged the coolest but still were above
,the.219C maximum permitted. ECS inlet temperatures, which dropped substan-
tially below 209C on- only one flight, appeared to be too high to provide any
cooling to the cockpit.

0
T averaged 2-5 C above Td. This difference, smaller than previously

measure, appears to be due to te location of the black globe, in the sensor
cluster, which was shaded more than in previous flights (2).

One flight was ground aborted (Fig. B-5), and the canopy was sealed
without ECS cooling to measure the temperatures during power-down conditigns.
Air temperatures in most locations (calf area excluded) quickly jumped 10-C,
and at the sensor cluster exceeded 650 C after 40 minutes. Ground climatic
conditions were not recorded, but Tdb was about 35 C. Aircrew generally
"characterized the cockpit as "hot" and: complained of sweating. During taxi
the canopy was .up due to limited ground. cooling.

The A-10 was designed to operate with the canopy down and the auxiliary
power unit on during ground operations. Data gathered-.on operational,
aircraft 4t Davis•Honthin AFB, Arizona, in 1978 and 1979, indicate that
wben-property operated, the ECS will cool the cockpit to 27 C during ground
or air •oerations. ith_ outside- air temperatures of 43 C or greater.

8



F-15 (AECS) (Figs. B-9 to B-14)

Ground climatic conditions were average for this time of year (NDM m 34 C).
The ECS was an advanced system being evaluated for possible incorporation into
USAF aircraft, and the settings were generally maximum cold. ECS performance
appeared to be a function of altitude during flight (Figs. B-11 and B-13) and
of power setting during ground-operations (Figs. B-12 and B-14). Tb averaged
8 0C above T b, which rarely fell below 33 C during most ground runs ind reached
400 C severaP'times at the sensor cluster during low-level flight.

Despite the high temperatures and sweat rates experienced by the test
pilot (at 1504 during the 25 Aug 77 flight, he noted thirst as a problem),
heat-stress problems-were not mentioned during debriefings, which concentrated
on avionics cooling and performance. The excessive sweat appears to be due
to high humidities and temperatures during flight as well as before flight.

F-15 (Figs. B-15 to B-19)

Ground climatic conditions were below normal for this time of year
(NDM = 30°C). The ECS was run at maximum cold. The sensor T did not
exceed 30 0 C for any portion of a test sorcie, including taxi with canopy
down. T t -tended to rise toward 27-29 C during preflight taxi 6 regardless
of the o side Tab. ECS duct temperatures ranged from 7 to 10 C during
taxi and apparently supplied sufficient air flow to cool the cockpit, even
with full radiant heating. T averaged 7 C greater than Tdb at the sensor• cluster. The aircrews did notgcomplaiin of any heat-stress problems.

Comparison of these flights to the AECS test flights of the last section
is complicated by the difference in ambient Tdb, relative humidity, and!• solar angle.

YF-4E (Fig. B-20)

•Ground-climatic conditions were average for this time of year (NDM - 28°C).
The ECS was set at maximum cold. The sensor T reached a maximum of 36°C -C
just before takeoff and during the landing pattern. Despite an extremely
cold ECS inlet temperature (-4 0 C), TdL at the sensor cluster did not decrease
significantly except during weapon runs. In contrast, T at the elbow and
calf more closely followed the ECS outlet temperatures, tropping to 5 and
-2°C respectively. T averaged 80C higher than T at the sensor cluster.
The aircrew did not noe any heat-stress problems auring the flight.

"During taxii-theYF-4 canopy was closed just before takeoff. In this

* -short timei, cockpit air temperature rose about 6°C. Rata from other flights
confirm that Tdb in the cockpit can quickly exceed 45 C (4). flgt

L YC-14 (Figs. B-21 to B-24)

Ground= climatic conditions were above-normal for the time of year
(ND11 34,C). Sensor cluster Td varied widely with the segment of mission

fln, anddepended more on the ECStemperature than did the Td at calf,
elb•w, or shoulders. ECS-temperature during climb to altitude dropped
rapidly below O°C' returning to about 10 0 C during level flight. The

9



differences between Tdb and T at the sensor cluster were minimal,
reflecting the position ofthe cluster and the response lag of the black
globe.

DISCUSSION

Present military ECS, specifications- state that cockpit-T may-not
-0 Tdbexceed 27- C during -ground operations. During flight,, mean, air temgeraturein the crew compartment .should not exceed 21-C, but may rise to 27-C for,., r

30.omin periods. Radiant heat is mentioned only in terms of surface. temper-
ature and touch-burn,, and moisture control is covered by the statement that
inlet air, shall be free of entrai-ned moisture. T. measurement-sitesvare

left to "the idiscretion o the evaluation team, -as-ds the definitionw of mean
air "~erature.. Since cockpit coolingis provided for the aircrew as well
as for instrumentation, the evaluation-of air temperatures and otherenvironmental factors should be performed around the area of interest--in

this instance, the aircrew.

-Untl the construction of the MEM II, USAFSAM was unable to measure
inflight air. temperature. at more than ,one cockpit location. As -shown. in
the Appendix B• figures, Tdb at the sensor cluster is generally higher- -than-
t air temperatures measured in the rudder well and near the hip or elbow--
especially in. the -A-40 and-I, F-4 -aircraft. The pitfalls of single-rpoi~nt
cockpit environmenhtal, measurements. were shown inw later tests aboard: F-4
aircraft (1).

Multisite temperature measurements- used- in this study allow, better - -

definition of the subject aircraft environment. For example,. when the-
A-7D is Operated at altitudes between 3800 and 9150--m, the ECS (Pigs. B-i
to H-4) meets or exceeds the- present specifications, 210C while in flight.,
at all locations. In contrast, the A-10 and YF-4E (Figs. B-5 to B-8 and
B-20) fail to-meet specifications at one or more measurement sites.-

The data from these flights indicate that thermal gradients are present
- .... in-the cockpit. The A-IO and F-4, in.particular .have.-large differences- in

T d. from the head to the. foot. Because, of these temperature differences,,
-- adpilot can-be uncomfortably hot on. the head and upper chest, yet have, cold

feet. This is. particularly true- where aircrewsi are exposed- to- radiant heating -,-

of the. upper body (3, 4). Temperature gradients were- not evident in, the
YC-14, a transport aircraft, where radiant heating.of the cockpit .isnot-
a significant factor., Based upon this study, using mean-air-temperature-
-specifications when tesing 4k fighter/trainer aircraf~t-ECS- Alkso- appears-
open to question-because of the temperature gradients. Future ECS::test
specifications should' include. limits onindividual air temperatRures- a well-
"a s on4he'mean..air temperature,. For. example, based upon recent physiological
data, additional. cool air will. be require& for the upper body. to reduce the-
effects of-solar, radiant heat (4)-.

Cockpit cooling dependsupon numerous factors,,.including ECS inlet
temperature, and-mass- flow. -Since the MEM1-l- does not measure mass flow,-
the true, performxace-.of, the-ECS:is-.not known. A cold inlet temperature,
with- low.flow, could.,result in, a hot, cockpit, while: a higher flow'at a-

armer" temperaturec6~uId',result in a cooler cockpit. New-equipment 'should-

be designed. pto; include' this, vital- ihE light' measurement.

10
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APPENDIX A. THE USAF SCHOOL OF AEROSPACE MEDICINE MINIATURE
ENVIRONMENTAL MONITOR II (MEM-Il)

INTRODUCTION

The USAF School of Aerospace Medicine has been monitoring the thermal
environments of aircraft during ground operations and in flight for the past
decade. In initial studies, instruments were hand-held and data were hand-
logged. Development of the USAFSAM Airborne Bioenvironmental Research Engineering
Package (SABRE Pak) permitted automatic inflight recording of data for later
analysis on the ground. The SABRE Pak also allowed the inflight measurement
of physiological variables such as core temperature and heart rate. In
1974, USAFSAM developed the Miniature Environmental Monitor (MEM) which
was a self-contained environmental monitoring unit that fitted into the seat
pack of aircraft (2). The MEM recorded dry bulb (Tdb), dew point (Tdp), and
S5-cm black globe (Tb,) temperatures, air velocity (V), and cabin barometric
pressure (P). In 1976, construction was starred on a smaller version, known
as MEM-II, which was used in collecting the data given here.

CONFIGURATION

The modular design of the MEM-Il ensures maximum flexibility in application.

The unit can be operated from an aluminum case, seat pack, or map case or the
modules can be separated by umbilical cables for remote placement in confined
spaces. The unit can operate on aircraft power or on a self-contained power
supply that can operate for 8 continuous hours. Up to 16 data channels can be
recorded every 5, 10, or 20 seconds on a digital recorder or on an analog recorder
in a multiplexed mode. A sensor cluster can be remotely mounted to measure Tdb,
Tbg, Tdp, and V, in addition to other temperatures.

Electronics Unit--This unit weighs 1100 g and is 5.6 cm high by 13.0 cm
wide by 19.2 cm long. It houses the barometer, signal-conditioning circuits,
multiplexer, clocks, and tape-control electronics. It also contains a built-in
calibration circuit which provides zero and span reference signals to all
channels. Switches on the electronic unit include 1) a power on-off switch,
2) a record switch to allow for various sensor configurations, and 3) a
sampling-frequency switch for the digital recorder.

Analog Recorder--The unit is a 4-channel cassette tape recorder (Inter
Med Craft). It is 5 cm high by 11.4 cm wide by 20.0 cm long and weighs 1284 g.
Three channels continuously record voice, ECG, and anemometer. The fourth
channel is multiplexed to record 16 additional channels.

Digital Recorder--This recorder (Memodyne Model 221W) weighs 2108 g and is
11.9 cm high by 13.7 cm wide by 18.4 cm long. Sixteen channels of information
can be stored on the tape cassette. The conditioned signal is sampled and
stored (12 bit) along with the channel number (4 bit) in a format compatible
with a Wang 2200S computer.

13 
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Battery Supply--Two battery supplies are available. The smaller unit
(1828 g, 7..6 cm, high by 11.2 cm wide by 13.5 cm long) supplies power for
4 hours of continuous use. The larger supply (2545 g, 11.7 cm high by 10.2
cm wide by 19.0 cm long) supplies power for up to 8 hours. If longer recording
times are required, the MEM-Il can be placed in a hold mode while batteries
are changed.

Digital Monitor Meter--This meter (1539 g, 10.9 cm high by 11.5 cm wide
by 10.,8 cm long) displays the value of the variables being recorded, enabling,
the user to check the system. Battery supply voltage can also be monitored.
The unit is optional and is rarely used in flight.

Sensor Cluster--The cluster (440 g) senses Tdp, Tbg, Tdb, and V at a; single
site in the aircraft.

Additional Equipment--A separate battery charger is required to recharge
each of three subunits: the main batteries, the analog-recorder, and the
digital-monitor.

SENSORS

Air Velocity--Air velocity is measured using a metal-clad probe (Thermo-
Systems Model 1366) which is suitable where abrasion and contamination might
be a problem. A regulated power source furnishes constant voltage to a bridge
circuit where the anemometer probe makes up two parts of the bridge; one leg
is for temperature compensation, and the other for air flow. The anemometer

"I * output is scaled to a range of 0-5 m/s.

Dry-Bulb Temperature--The dry-bulb temperature is sensed by thermistors
(Yellow Springs series 700). Output from the sensor circuit is linear with
temperature and is amplified and conditioned for display on the digital meter
or recorder. The T has a range of O-100°C.

db
Black-Globe Temperature--The black-glote sensor uses the same thermistor

as the dry-bulb sensor. The thermistor is mounted in thL center of a hollow
copper sphere 50 mm in diameter, with walls 1.5 :-m thick and painted flat black..
The theory and significance of black-globe temperaturv has been covered else-

I0where (1, 3). The T output has been scaled between 0 and 100°C.

Dew-Point Temperature--A hygrometer (Panametrics Model 2000) senses Td
and the sensor's output is linearized for recording or output to the digitaY
monitor. The operating range of the sensor is -40 to 50 C.

Cabin Pressure--The pressure transducer (National Semiconductor Model
1603A), located in the electronics unit, is scaled from 0 to 800 mmHg.

Additional Temperatures--In sampling mode I on the digital recorder or analog
tape, 11 other temperature channels are available. These channels also use
YSI 700 series thermilinear thermistors. The probes (disk, brad, or rectal
"types) give the user flexibility to measure different environmental orphysiological temperatures. The channels have been scaled fromn 0 to 50°C.

1.4



Electrocardiogram--A 3-electrode ECG can be recorded unfiltered in the

analog mode.

i Voice--ne channel of the analog tape recorder allows the subject to
voice-record pertinent coLbents.

DATA REDUCTION

The analog reproducer unit provides four channels of strip-chart drive
output from the analog cassette tape and has been described elsewhere (1).

Digital data reduction is performed on a Wang 2200S computer, which
converts taped data into appropriate units and computes additional data
such as mean cockpit temperature and wet bulb temperature. The results are
stored on a disk for later analysis and plotting. Data reduction programs
are available at the USAFSAM/Crew Technology Division/Crew Protection
Branch.

REFERENCES

1. Graves, K. W. Globe thermometer evaluation. Am Ind Hyg Assoc J
35:30-40 (1974).

2. James, G. R., et al. Miniature environmental monitor, pp. 1-10.
SAM-TR-75-29, Aug 1975.

3. Peters, W. R., et al. Survey of environmental parameter sensors for a
personal heat stress monitor. Final Report Contract No. 210-75-0036.
Southwest Research Institute, San Antonio, Texas, Mar 1976.

.15



APPENDIX B. FLIGH DATA

Figures are.arranged by aircraft as folows-.

Figure Aircraft. Dates

B-i to B-4 A-7D Jul 77

3-25 to B-2 A-10 Aug 77

B-9 to B-14 F-IS (AECS) Aug 77

3-15 to B3-19 F-iSe 7

B-20 'YF-4E Sep 77

3s-21 to B-24 YC-14 Aug 77

A test suimmary precedes each set of figures.
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TEST SUMMARY

Aircraft: A-7D (#14582)

Dates: 13-15 July 1977

Place: Edwards AFB CA

z Sensor Cluster: Located on the right side of the ejection rail, 15 cm

above the canopy rail and 30 cm behind the pilot's

shoulder.

Additional Sensors: 1. Canopy bow, about 60 cm in front of pilot's forehead.

2. Inside glare shield, near front instrument panel.

3. 23 cm from right thigh.

4. 15 cm from right calf in rudder well.
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Figuire B-1. A-7D, 13 Jul 77.
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Figure B-1 (continued).

19



CANOPY CLOSED rTAEOF F

ENGINE~ START 1  BATTERY FAILURE

s 50 TAXI CLIMB TO 6400m

SENSOR CLUSTER
40 - B .eLACK GLOBE

S30 -S

U DAY BULB-

20

1 0 I I I .

50

! :•40-*• -
F\

30 - CANOPY IOW

SIo-'I~a LASNIELD

i o "i °4 -

AII~T 11 -31I U 1/

0
1400 1500

Twl OF DAY h

07 9M urn ~Mf VA W, ANs W FEMI aL COwlR WUS U/SUEE

PUIEST W -3s 0 3.44 WA. CLmA W315
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Figure B-4 (continued).
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TEST SUMMARY

Aircraft: A-10 (#669)

Dates: 5-11 August 1977

Place: Edwards AFB CA

Sensor Cluster: Located on the canpy swing arm behind the pilot's head,

30 cm above the rear deck and 30 cm behind the seat.

Additional Sensors: 1. Canopy bow, about 60 cm in front of pilot's forehead.

2. Under glare shield, near climb indicator.

3. Right rudder well, near knee.

4. Right ECS inlet duct.
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Figure B-5 (continued).
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TEST SUMMARY

Aircraft: F-15 (AECS) (0282) and F-15 (#288)

Dates: 25 Aug - 21 Sep 77

Places: Beeville NAS TX and Edwards AFB CA

Sensor Cluster: Located on right side on test camera mount, about shoulder

height and 15 cm aft of seat.

Additional Sensors: 1. Canopy bow, on ECS inlet duct.

2. Glare shield, 60 cm in front of pilot.

3. 23 cm from right elbow.

4. 15 cm from right calf, in rudder well.
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Figure E-9. F-15 (AECS), 25 Aug 77.
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Figure B-9 (continued).
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Figure B-17 (continued).
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Figure B-18 (continued).
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TEST SUMMARY

Aircraft: YF-4E (#713)

Dates: 27 Sep 77

Place: Edwards AFB CA

Sensor Cluster: Located on the right canopy rail, adjacent to and 15 cm

lateral to the aircrew's right shoulders.

Additional Sensors: 1. instrument panel at eye level, 30 cm from head.

2. 15 cm from right elbow.

3. 10 cm from right calf, in rudder well.

4. Right-side ECS inlet duct.

I
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TEST SUMMARY

"Aircraft: YC-14 (#1874)

Dates: 2-4 Aug 77

Place: Edwards AFB CA

"Sensor Cluster: 107 cm above flight deck, near left-window bulkhead.

Additional sensors: 1. Left shoulder of pilot.I 2. Right elbow of pilot, 43 cm above floor.

3. Right calf, 30 cm above floor.

4. ECS inlet duct.

II
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